FTIR difference spectroscopy is widely used to probe molecular bonding interactions of protein-bound electron transfer cofactors. The technique is particularly attractive because it provides information on both neutral and radical cofactor states. Such dual information is not easily obtainable using other techniques. Although FTIR difference spectroscopy has been used to study cofactors in biological protein complexes, in nearly all cases interpretation of the spectra has been purely qualitative. Virtually no computational work has been undertaken in an attempt to model the spectra. To address this problem we have developed the use of ONIOM (our own N-layered integrated molecular Orbital þ Molecular mechanics package) (quantum mechanical:molecular mechanics) methods to calculate FTIR difference spectra associated with protein-bound cofactors. As a specific example showing the utility of the approach we have calculated isotope edited FTIR difference spectra associated with unlabeled and labeled ubiquinones in the Q A binding site in Rhodobacter sphaeroides photosynthetic reaction centers. The calculated spectra are in remarkable agreement with experiment. Such agreement cannot be obtained by considering ubiquinone molecules in the gas phase or in solution. A calculation including the protein environment is required. The ONIOM calculated spectra agree well with experiment but indicate a very different interpretation of the experimental data compared to that proposed previously. In particular the calculations do not predict that one of the carbonyl groups of Q A is very strongly hydrogen bonded. We show that a computational-based interpretation of FTIR difference spectra associated with protein-bound cofactors is now possible. This approach will be applicable to FTIR studies of many cofactor-containing proteins.
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photosynthesis | vibration U biquinones play an important role in biological electron and proton transfer processes that occur in both respiration and photosynthesis (1) . In photosynthetic reaction centers from purple bacteria, two ubiquinone (UQ) molecules, called Q A and Q B , act as terminal electron acceptors (2) . In Rhodobacter (Rb.) sphaeroides purple bacterial reaction centers (PBRCs), Q A and Q B are both ubiquinone-10 (UQ 10 ) molecules. Q A and Q B have very different functions, however. Q A is an intermediary cofactor involved in transferring electrons from bacteriopheophytin to Q B , whereas Q B couples electron and proton transfer processes (3, 4) . The very different redox functions of Q A and Q B is testimony to the flexibility of UQs in biological processes. Because Q A and Q B are both UQ 10 molecules, pigment-protein interactions must modulate their functional properties. Elucidation of how protein interactions modulate the functional properties of quinone cofactors is at the heart of much current research in photosynthesis (5, 6) .
FTIR difference spectroscopy is a sensitive molecular-level probe of pigment-protein interactions, and it is widely used to study both the neutral and radical states of cofactors in a range of protein complexes (7) (8) (9) . In particular, it has been widely used to study both the neutral and reduced states of quinones in PBRCs (10) . Q A − ∕Q A and Q B − ∕Q B FTIR difference spectra (DS) were first obtained in the early 1990s (11) and were difficult to interpret because many bands not associated with the quinones also contributed to the spectra. Reconstitution of PBRCs with isotopically labeled quinones, however, has allowed some separation of the contributions of the quinones from those of the protein in Q A − ∕Q A and Q B − ∕Q B FTIR DS (10). Q A − ∕Q A FTIR DS obtained for PBRCs with specific isotope labeled quinones incorporated (12, 13) indicate that the vibrational frequency of the C 1 ═O group of Q A is similar to that found for nonhydrogen (H) bonded UQ in solution, whereas the vibrational frequency of the C 4 ═O group is downshifted 50-65 cm −1 compared to that found for UQ in solution. From these results it was concluded that the C 1 ═O group of Q A is very weakly H-bonded, whereas the C 4 ═O group is very strongly H-bonded (12, 13) . These conclusions are not supported by crystal structural models (Fig. 1B ) and other types of FTIR spectroscopic data (6, 14) .
Although experimental Q A − ∕Q A FTIR DS have been obtained under a myriad of conditions, very little work has been undertaken with the aim of modeling the experimental FTIR DS, and in particular computational work aimed at modeling the very large downshift in frequency of the Q A C 4 ═O mode. Several studies have been undertaken to assess the vibrational properties of UQs in solution [(15) and articles cited therein]. However, based on the available experimental data, it is clear that the vibrational properties of neutral UQ in solution (frequencies and intensities of the C═O and C═C modes) are quite different from the properties of the UQ occupying the Q A binding site. The protein environment clearly modifies the vibrational properties of the pigment. Any calculations undertaken to model the (vibrational) properties of UQ in the Q A binding site must therefore include or account for this protein environment. Quantum mechanical (QM) calculations of such a large molecular system are unfeasible. However, methods have been developed that allow one to "parse" the problem into distinct layers. In one layer the chemical properties of the principal species (the pigment) can be calculated at a QM level, whereas the surrounding protein environment is included and calculated using less computationally expensive molecular mechanics (MM) methods. Here we have implemented such QM:MM calculation for UQ in the Q A binding site using the ONIOM method (16, 17) . ONIOM is an acronym for our own N-layered integrated molecular Orbitalþ Molecular mechanics package. In our calculations the quinone is treated at the QM level using density functional theory (DFT) based methods, whereas the protein environment is treated at the MM level using AMBER (Assisted Model Building with Energy Refinement) (18) .
In an attempt to model the unique vibrational properties of the Q A C 4 ═O group, Nonella and coworkers (19) used a QM: MM method to calculate the vibrational properties of a UQ Author contributions: H.P.L. and G.H. designed research, performed research, analyzed data, and wrote the paper. molecule in the Q A site. They showed that they could model the large frequency downshift of the Q A C 4 ═O mode. They also showed that the downshift was mainly due to the charge on the nonheme iron atom and not to a strong H bond. The software used for these calculations is not widely available, and the conclusions derived from their calculations have never been tested/ verified. Below we show that conclusions derived from these previous calculations are incorrect.
Here we present ONIOM-based calculations aimed at modeling experimental isotope edited Q A − ∕Q A FTIR DS obtained using PBRCs. All of our calculated spectra are found to agree well with corresponding experimental spectra. However, our calculations show that a strongly H-bonded C 4 ═O group of UQ in the Q A binding site is not required in order to explain the experimental spectra.
Results UQ Structure and Numbering. UQ is a 2,3-dimethoxy,5-methyl, 6-isoprenoid benzoquinone. Fig. 1A shows the structure and International Union of Pure and Applied Chemistry (IUPAC) numbering for UQ n . Fig. 1B shows a picture of UQ in the Q A site with four of the surrounding amino acids. Fig. 1B was generated using the PDB ID code 1AIJ (20) . Fig. 1B indicates that both UQ carbonyl (C═O) groups are H-bonded. The C 1 ═O is H-bonded to the backbone NH group of AlaM260. The C 4 ═O is H-bonded to one of the imidazole NH groups of HisM219. It is this H bond that FTIR data suggest is exceptionally strong. The other imidazole nitrogen atom of HisM219 provides a ligand to the nonheme iron atom and is 2.19 Å from the iron atom.
The starting model structure used in ONIOM calculations (derived from the PDB ID code1AIJ) includes UQ 1 and all atoms within 10 A of both UQ carbonyl oxygen atoms. Geometry optimization of the starting structure using ONIOM methods leads to only very small modifications in bond lengths (<3.5%) and angles (see SI Text). Fig. 2A (spectrum a) shows ONIOM calculated IR spectra for neutral unlabeled UQ 1 in the Q A binding site. Throughout this manuscript the term "ONIOM calculated" will be used to refer to calculations for UQ 1 in which the surrounding protein atoms are included. Fig. 2B (spectrum a) shows DFT calculated spectra for UQ 1A in the gas phase. The subscript "1A" refers to a UQ 1 conformation with C 2 and C 3 methoxy group dihedral angles of −8.9 and 123.6° (15) . The C 2 ∕C 3 dihedral angles are defined as the C 3 -C 2 -O-CH 3 ∕C 2 -C 3 -O-CH 3 dihedral angles, respectively (see Fig. 1A for numbering). The UQ 1A conformer was one of eight conformers studied previously (15) and is structurally the most similar to the UQ 1 optimized geometry calculated using ONIOM methods, which has C 2 and C 3 dihedral angles of −25.3 and 150.5°, respectively.
Also shown in Fig. 2 A and B are calculated IR spectra for neutral 13 C 4 labeled UQ 1 ∕UQ 1A (spectra labeled b), respectively. Subtracting spectrum b from spectrum a produces an isotope edited IR double difference spectrum (DDS) that is shown as spectrum c in Fig. 2 A and B. For a detailed comparison between experimental and calculated spectra, Fig. 2 A and B shows the experimental 13 C 4 isotope edited FTIR DDS obtained using PBRCs from Rb. sphaeroides (spectrum d). The ONIOM calculated and experimental IR DDS in Fig. 2A (spectra c and d) are very similar. This is not the case for the corresponding spectra calculated for UQ 1A in the gas phase. The ONIOM calculated spectra are clearly more in line with the experimental spectra.
From the ONIOM/gas phase calculated IR spectra in Fig. 2 A and B, neutral unlabeled UQ 1 displays three prominent bands at 1;663∕1;665, 1;626∕1;635, and 1;601∕1;588 cm −1 , respectively. Five vibrational modes contribute to these three bands. The frequencies, intensities, and potential energy distributions (PEDs) of these five modes are listed in Table 1 . In the ONIOM calculations the 1,679 and 1;653 cm −1 vibrational modes have negligible intensity (Table 1 ) and will not be considered further. Although less clear-cut for gas phase calculations, the corresponding low intensity vibrations appear to be at 1,663 and 1;634 cm −1 (Table 1) .
In the ONIOM calculated spectra the 1;663 cm −1 band is due predominantly to the C 1 ═O stretching vibration (81%). The 1;626 cm −1 band is due mainly to the C 4 ═O stretching vibration (68%). In the gas phase calculation for UQ 1A the 1,665 band contains contributions from both the in-phase and out-of-phase vibration of the C 1 ═O group and the C═C group of the isoprene unit (labeled C═C t in Table 1 ). The 1;636 cm −1 band is due predominantly to the C 4 ═O group (79%).
In ONIOM calculations the relatively pure C 4 ═O mode (at 1;626 cm −1 ) downshifts 47 cm −1 upon 13 C 4 labeling. The PED of the mode and its intensity are changed little by the labeling. This is very different from that found in gas phase calculations, in which the relatively pure C 4 ═O mode (at 1;636 cm −1 ) downshifts only 33 cm −1 upon 13 C 4 labeling with a considerable alteration in its mode composition (Table 1) .
ONIOM calculations indicate that the lower frequency band at 1;601 cm −1 is due to an out-of-phase vibration of the C═C groups of the quinone ring (35% C 2 ═C 3 and 18% C 5 ═C 6 ) mixed somewhat with the stretching vibration of the C 4 ═O group (14%). The 1;601 cm −1 mode is calculated to upshift 8 cm −1 upon 13 C 4 labeling, with little change in mode composition or intensity. This upshift is unexpected and is caused by a change in the coupling of the C═C (C 2 ═C 3 and C 5 ═C 6 ) and C 4 ═O groups upon labeling. This coupling change arises because in the unlabeled case the C 4 ═O mode has a higher frequency than the C═C mode, whereas in the 13 C 4 labeled case the C 4 ═O mode has a lower frequency than the C═C mode. Thus in the unlabeled/ 13 C 4 labeled species coupling of the C═C and C 4 ═O groups causes the resultant mode to downshift/upshift, respectively. The net effect is that the coupled mode upshifts upon labeling. The behavior of the 1;601 cm −1 mode upon 13 C 4 labeling is quite different from that found in gas phase calculations for the corresponding mode at 1;588 cm −1 .
We have also used ONIOM methods to calculate the normal modes of neutral UQ 1 that has been isotope labeled in many different ways. From these calculated unlabeled and labeled spectra we have constructed IR DDS (in the same way as outlined in Fig. 2 ). The different ONIOM calculated isotope edited IR DDS for neutral UQ 1 are presented in Fig. 3 A-F (spectra labeled a). The corresponding experimental isotope edited FTIR DDS (reproduced from a variety of sources) are also presented in Fig. 3 A-F (spectra labeled b) for comparison. The spectra in Fig. 3 A-F indicate a quite outstanding similarity between (ONIOM) calculated and experimental spectra.
Isotope edited IR DDS were also calculated for all of the differently labeled UQ 1A molecules in the gas phase, and these spectra are presented in the SI Text, where they are also compared to the corresponding experimental spectra. As was evident in Fig. 2 , the calculated gas phase spectra poorly model the experimental spectra, compared to the ONIOM calculated spectra. 13 C 4 isotope induced band-shifts are also listed. For the PEDs the negative signs refer to the relative phase of the vibration of the internal coordinates. Only internal coordinates that contribute at least 6% to the normal modes are shown. C═C t refers to a C═C mode of the isoprene unit of the quinone "tail." Given this, the calculated gas phase spectra will not be considered further in this manuscript.
In ONIOM calculations, in the spectral region considered, only the three high intensity modes need to be considered ( Table 1 ). The frequencies, intensities, and PEDs for these three modes, for different types of isotope labeled UQ 1 , are listed in Table 2 . The frequency shifts that occur upon labeling are also listed in Table 2 (Table 2) . It is easy to see how these 18 O induced shifts give rise to the features in the DDS shown in Fig. 3D (spectrum a) . The calculated 18 O induced band shifts differ from previous interpretations based on experimental FTIR DDS. The accepted interpretation for the bands in the isotope edited DDS in Fig. 3D (spectrum b) 
13 C Labeling. Upon global 13 C labeling of UQ 1 the ONIOM calculated data indicate that the 1;663∕1;626∕1;601 cm −1 modes downshift 40∕42∕56 cm −1 to 1;623∕1;584∕1;545 cm −1 , respectively (Table 2) . Again, these 13 C induced shifts are easily visualized in the DDS shown in Fig. 3F . The bands in the experimental 13 C FTIR DDS are interpreted to shift similarly (21) . The observation that the 1;601 cm −1 band downshifts 56 cm −1 upon 13 C labeling is a strong indication that it is due to a predominantly C═C mode.
13 C 1 Labeling. For unlabeled UQ 1 the 1;663 cm −1 mode is due mainly to a C 1 ═O stretching vibration (81%). Upon 13 C 1 labeling the C 1 ═O vibration is expected to downshift approximately 40 cm −1 (to approximately 1;623 cm −1 ). This lower frequency is close to the vibrational frequency of the mode associated with the out-of-phase vibration of the C 4 ═O and C 2 ═C 3 groups (approximately 1;626 cm −1 ). This similarity in frequency will result in mixing of the two modes upon 13 C 1 labeling. Indeed, upon 13 C 1 labeling the 1;663 cm −1 C 1 ═O mode downshifts to 1;621 cm −1 and increases in intensity by 122% ( Table 2 ). The 1;621 cm −1 mode in the 13 C 1 labeled species is now due to the out-of-phase vibrations of the C 1 ═O and C 4 ═O groups ( Table 2) . The 1;626 cm −1 mode [C 4 ═O (68%), C 2 ═C 3 (9%)] upshifts 2 cm −1 upon 13 C 1 labeling and decreases in intensity by 72%. It is this intensity decrease that gives rise to the positive feature at 1;627 cm −1 in the calculated DDS in Fig. 3A . This is different from the experimental interpretation in which it is hypothesized that the 1;628 cm −1 band (due to a C═C mode) downshifts to 1;617 cm −1 (12 Fig. 3E thus represent an almost pure absorption spectrum of neutral UQ in the Q A binding site.
Discussion
Previously we have calculated IR spectra for unlabeled and labeled neutral UQ 1 in the gas phase and in solvent (CCl 4 ). The calculation is complicated by the fact that at least eight UQ 1 methoxy group conformers (each with different IR spectra) contribute to the overall spectrum at room temperature (15) . The situation discussed here for ONIOM calculations is simpler because fewer UQ conformers are calculated to be present in the Q A binding site. We have used ONIOM methods to geometry optimize all eight UQ methoxy group conformers (studied previously) in the Q A binding site. Three of these conformations cannot be optimized (upon optimization the UQ leaves the binding site), and the remaining five optimize to one of two possible The row labels refer the relevant panels in Fig. 3 (or Fig. 2 ). C═C t refers to C═C modes of the isoprene unit of the quinone tail. UQ conformers. Both of these conformations lead to calculated isotope edited DDS that are similar to experimental spectra. The two possible conformers are UQ 1A and UQ 1B . UQ 1A and UQ 1B differ in that the C 3 methoxy dihedral is approximately reflected in the quinone ring plane (15) . Given that the crystal structure suggests a UQ 1A model is appropriate for the Q A binding site, and that the calculated spectra for UQ 1A and UQ 1B are similar, we consider spectra only for UQ 1A in the Q A binding site. There is a suggestion of some substructure to the 1;660 cm −1 band in the experimental FTIR DDS [ Fig. 3 A-F(b) ]. This substructure may be an indication that more than one UQ conformation (with IR bands slightly shifted in frequency) is present in the Q A binding site. Conclusions originally derived from the experimental isotope edited DDS (12, 13) are (i) the C 1 ═O vibration of unlabeled UQ occurs at 1;660 cm −1 , (ii) the C 4 ═O vibration occurs at 1;601 cm −1 , and (iii) the 1;628 cm −1 band is due to C═C ring vibration. These conclusions are at odds with our ONIOM calculations, which suggest that the 1,660 and 1;628 cm −1 bands are due to C 1 ═O and C 4 ═O vibrations, respectively, whereas the 1;601 cm −1 band is due predominantly to a C═C ring vibration ( Table 2) .
The interpretation of bands in experimental spectra arose mainly from a consideration of 13 C 1 and 13 C 4 isotope edited DDS. The experimental 13 C 1 isotope edited DDS (Fig. 3A , spectrum b) displays two positive bands at 1,660 and 1;628 cm −1 , and a negative band at 1;617 cm −1 . The experimental 13 C 4 isotope edited DDS ( Fig. 2A, spectrum d) displays two positive bands at 1,628 and 1;601 cm −1 , and two negative bands at 1,612 and 1;578 cm −1 . The conclusions from these spectra are that (i) the 1;660 cm −1 band downshifts approximately 43 cm −1 to 1;617 cm −1 upon 13 C 1 labeling, (ii) the 1;601 cm −1 band downshifts approximately 23 cm −1 to 1;578 cm −1 upon 13 C 4 labeling, (iii) the 1;628 cm −1 band downshifts approximately 11∕16 cm −1 to 1;617∕1;612 cm −1 upon 13 C 1 ∕ 13 C 4 labeling, respectively. An alternative possibility, which was not considered, is that the 1;628 cm −1 band in the 13 C 4 isotope edited DDS downshifts 50 cm −1 to 1;578 cm −1 . This hypothesis was probably rejected because it implies that the 1;601 cm −1 band must upshift to 1;612 cm −1 upon 13 C 4 labeling. Such a conclusion may seem counterintuitive without additional supporting evidence.
Nonella and coworkers (19) have used a DFT based QM:MM method to calculate vibrational frequencies of a tailless UQ (UQ 0 ) occupying the Q A and Q B binding sites in PBRCs from Rb. sphaeroides. Normal mode vibrational frequencies were considered in this work, but mode intensities were not. This is unfortunate as this lack of consideration led them to wrongly correlate calculated modes with experimental bands. For example, in ref. 19 the UQ C 5 ═C 6 mode frequency is calculated to lie between the two C═O modes, and it is claimed that it is this C 5 ═C 6 mode that gives rise to the 1;628 cm −1 band in the experimental spectrum. Furthermore, the C 2 ═C 3 vibration is calculated to lie more than 30 cm −1 lower in frequency than the UQ C 4 ═O mode, but this mode is not considered (19) .
We showed above ( Table 2 ) that the C 5 ═C 6 mode (at 1;653 cm −1 ) has a frequency that does lie between the two C═O modes. However, this C═C mode has negligible intensity and could not give rise to the 1;628 cm −1 band in the experimental spectrum. We also showed that the lower frequency C 2 ═C 3 mode is very intense, and it is this mode that must give rise to the 1;601 cm −1 band in the experimental spectrum. The C 4 ═O mode cannot give rise to the 1;601 cm −1 band in the experimental spectrum.
The C 4 ═O group is suggested to be very strongly H-bonded based only on the assignment of a FTIR band at 1;601 cm −1 to the C 4 ═O vibration (12, 13) . Our calculations very clearly show that it is the 1;628 cm −1 band that is associated with the C 4 ═O vibration. The C 4 ═O group is therefore not very strongly H-bonded. This conclusion is in fact supported by results from other experiments: First, the crystal structure suggests that the C 1 ═O∕C 4 ═O group is H-bonded to the peptide nitrogen of AlaM260/imidazole nitrogen of HisM219, respectively. The distance to the H-bonding nitrogen atoms of AlaM260 or HisM219 to the respective C═O groups is similar, so similar H-bond strengths might be expected.
On the other hand, because the second imidazole nitrogen atom of HisM219 ligates the nonheme iron atom (Fig. 1B) , it was suggested that this doubly bonded imidazole may lead to a very strong H bond to the C 4 ═O group. Upon consideration of possible mechanisms, however, it was concluded that this uniquely bound imidazole will not lead to strong H bonding (6) .
Second, the vibrational frequency associated with the C 4 ═O group of Q A (1;601 cm −1 ) appears unaffected by incubation of PBRCs in D 2 O (14). Although solvent exchange experiments are not entirely free from ambiguity, this result also suggests that the C 4 ═O group is not strongly H bonded.
Third, labeled and unlabeled versions of chainless symmetrical naphthoquinones, benzoquinones, and ubiquinones have been incorporated into the Q A binding site in Rb. sphaeroides PBRCs, and these RCs have been studied using FTIR DS (22) . These studies indicated no strong H bond to the C 4 ═O group of the incorporated quinones. These studies therefore do not support the idea of strong H bonding to the C 4 ═O group of native UQ in the Q A binding site.
If the C 4 ═O group of Q A absorbs at 1;628 cm −1 and not 1;601 cm −1 , then there is no need to suggest that the C 4 ═O group is very strongly H bonded. The C 4 ═O mode of UQ in the Q A site is still downshifted approximately 22 cm −1 compared to that found for UQ in solution (1;628 cm −1 instead of 1;650 cm −1 ). This may suggest that the C 4 ═O mode of UQ in the Q A site is still H bonded, albeit less strongly. The C 4 ═O mode downshift of 22 cm −1 is probably not all due to H bonding. Our calculations suggest that the electrostatic environment around UQ in the Q A site gives rise to an approximately 8 cm −1 separation of the C 1 ═O and C 4 ═O modes (in ONIOM calculations the difference in frequency between the C 1 ═O and C 4 ═O modes is 37 cm −1 , compared to 29 cm −1 in gas phase calculations). From this perspective, the downshift of frequency due to H bonding of the C 4 ═O group may be only approximately 14 cm −1 instead of 22 cm −1 . The H bond to the C 4 ═O group may therefore not be considerably stronger than the H bond to the C 1 ═O group provided by AlaM260. This hypothesis is in line with predictions based on the X-ray crystal structural data (Fig. 1B) .
The picture emerging from the calculated and experimental FTIR data (for UQ in solution and in the Q A binding site) concerning the factors governing the asymmetry in the environment of UQ in the Q A site, is that the orientation of the methoxy groups, weakly asymmetric H bonding to the C═O groups, and the electrostatic environment around the UQ, all contribute roughly equally and additively in the sense that all three mechanisms lead to increasing the separation of the vibrational frequencies of the C 1 ═O and C 4 ═O modes.
Recently, a mutant reaction center has been made in which the alanine residue at M260 has been changed to cysteine (23) . Q A − ∕Q A FTIR DS obtained using this mutant show that the 1;601 cm −1 band has disappeared. However, the mutant RC functions similarly to wild type. It is concluded that the unusually strong H bond between the carbonyl of Q A and His M219 is not required for efficient electron transfer from Q A − to Q B . This conclusion of course needs to be reconsidered in the light of the FTIR band assignments presented here. At present we are undertaking calculations aimed at modeling Q A − ∕Q A FTIR DS for this mutant RC.
In conclusion, we have shown that ONIOM type QM:MM calculations can be used to model (extremely well) experimental isotope edited Q A − ∕Q A FTIR difference spectra. Our ONIOM calculations point to an interpretation of experimental FTIR DS that is more in line with results from several other types of experiments. In this way we were able to resolve a long-standing and perplexing problem related to H bonding of the UQ occupying the Q A binding site in PBRCs. Although we have focused on the neutral state of UQ that occupies the Q A binding site in PBRCs, the procedures developed and outlined in this manuscript are sufficiently general to be applicable to not only other quinone-containing photosynthetic and respiratory proteins, but also to other types of cofactors in a wide range of proteins. In this manuscript we show that an era of FTIR DS is emerging in which spectral band interpretation is based upon computational simulation in combination with physical intuition. ONIOM-type calculations aimed at modeling EPR data associated with cofactor radicals in protein complexes are being developed (24) . In the near future computational studies will be undertaken in which both the EPR and FTIR data are simulated using the same ONIOM optimized structural model. Such an approach involving the simulation of different types of data will provide a very stringent test of the appropriateness of the ONIOM computational method in the various areas of application.
Materials and Methods
Model Construction. All molecular models were constructed using the crystal structure of Rb. sphaeroides PBRCs at 2.2-Å resolution (20) (PDB ID code 1AIJ). The ONIOM model includes all amino acid atoms within 10 Å of either carbonyl oxygen atom of UQ. The UQ tail is truncated after the first isoprene unit. This is reasonable because Q A − ∕Q A FTIR DS obtained using PBRCs with UQ 1 , UQ 3 , UQ 6 , and UQ 10 incorporated into the Q A site are all identical (12, 13, 21) . The model used in ONIOM calculations contains UQ, one iron atom, seven water molecules, and 49 amino acids. The amino acids included are listed in SI Text.
Calculations. For geometry optimization using ONIOM methods all atoms associated with the protein backbone are held fixed. All atoms of the amino acid side chains and UQ are unconstrained. For calculation of UQ molecules in the gas phase, and for the QM part of ONIOM calculations, molecular geometry optimizations and harmonic vibrational frequency calculations were undertaken using hybrid DFT methods, employing the B3LYP functional and the 6-31+G(d) method within Gaussian 03 (25) . The MM part of the ONIOM calculation is undertaken using AMBER (18) . Following ONIOM geometry optimization of the protein-quinone system, the optimized UQ 1 molecule is considered separately for vibrational frequency analysis. Calculated normal mode vibrational frequencies presented here are scaled by 0.9608 (gas phase) and 0.9718 (ONIOM). Such scaling factors are standard (26) .
Normal Mode Assessment. Assignment of calculated vibrational frequencies to molecular groups is based on a consideration of the calculated atomic displacements (in Cartesian coordinates) associated with the normal modes. These atomic displacements can be animated using software (GaussView03), and the molecular groups that most prominently contribute to the normal modes can be assessed visually. In addition, PEDs of the normal modes are calculated using the freeware GAR2PED (27) . PEDs allow an assessment of the contribution of different internal coordinates to the normal modes. The GAR2PED program first generates a set of nonredundant internal coordinates for the molecule of interest, and then the percentage contribution of these internal coordinates to the total energy of each normal mode is calculated.
In our work all normal mode frequencies and intensities are calculated. With both the frequency and intensity information IR stick spectra can be constructed. By convolving these stick spectra with a Gaussian function (4 cm −1 half-width) more realistic-looking spectra are constructed. We refer to these convolved stick spectra as absorption spectra.
